Silver (Ag) ions have well-known antimicrobial properties and have been applied as nanostrategies in many medical and surgical fields, including dentistry. The use of silver nanoparticles (Ag NPs) may be an option for reducing bacterial adhesion to dental implant surfaces and preventing biofilm formation, containing the risk of peri-implant infections. Modifying the structure or surface of bone grafts and membranes with Ag NPs may also prevent the risk of contamination and infection that are common when alveolar bone augmentation techniques are used. On the other hand, Ag NPs have revealed some toxic effects on cells in vitro and in vivo in animal studies. In this setting, the aim of the present paper is to summarize the principle behind Ag NP-based devices and their clinical applications in alveolar bone and dental implant surgery.
Introduction
In recent years, silver nanoparticles (Ag NPs) have been studied and suggested for a variety of medical, surgical, and biological applications. Due to their antimicrobial activity, Ag NPs are widely used to reduce burns, chronic ulcers, and wound infections by means of AgNP-impregnated wound dressings [1] . Antimicrobial coatings are especially important in connection with indwelling catheters carrying a high risk of bacterial line infections, such as vascular and urinary catheters [2, 3] . Ag NPs are also added to surgical instruments, prosthetic devices, and bone replacement materials [4] [5] [6] .
The oral cavity is populated by a variety of microorganisms. The microbial communities in the oral cavity are polymicrobial and exist primarily as biofilms. These biofilms can be responsible for several local diseases, including periodontal and peri-implant diseases, which can lead to the loss of teeth or implants, respectively, [7] . In fact, "periimplantitis" remains one of the most serious complications after implant placement [8] . The potential of Ag NPs to reduce bacterial adhesion to dental implant surfaces and to prevent biofilm formation has been investigated by many authors [7, [9] [10] [11] [12] with a view to reducing the risk of periimplant infections.
Another interesting application of Ag NPs in dentistry is for the structural and surface modification of bone grafts and membranes with a view to preventing the risk of contamination and associated infection that are common when bone augmentation techniques such as guided bone regeneration (GBR) and guided tissue regeneration (GTR) are used [5, [13] [14] [15] [16] [17] .
Despite the widespread use of Ag NPs, there is still a shortage of information on their biological effects on human cells and environments. Some authors have investigated the potential toxicity of Ag NPs in different cell 2 Journal of Nanomaterials systems, including bacteria and mammalian cells [18] [19] [20] [21] [22] [23] [24] [25] [26] . Such studies have attributed the cytotoxicity of Ag NPs to several possible mechanisms, including the dissolving or release of Ag ions from the nanoparticles, the disruption of cell membrane integrity, oxidative stress, protein or DNA binding and damage, the generation of reactive oxygen species, and apoptotic cell death [27] .
The toxic mechanism seems likely to depend on the nanoparticles' properties too, for example, surface area, size and shape, capping agent, surface charge, particle purity, structural distortion, and the bioavailability of the individual particles [24] .
In the light of the above considerations, the aim of the present paper was to describe the antibacterial properties, bone biocompatibility and toxicity of Ag NPs incorporated in devices used for alveolar bone regeneration and in dental implants.
cases, regenerative techniques and materials are used in an effort to regenerate the periodontal or peri-implant soft and hard tissues. The success of such surgical bone regeneration procedures may be negatively affected by infections caused by oral microbia. Chiapasco and Zaniboni [17] conducted a systematic review on the clinical outcome of guided bone regeneration (GBR) procedures for correcting peri-implant dehiscences and fenestrations associated with implant placement. Peri-implant defects were treated with resorbable or nonresorbable membranes, with or without graft materials. In the postoperative period, 20% of the nonresorbable membranes and 5% of the resorbable ones became exposed and infected. In the studies considered, the membrane had to be removed in almost all cases of its exposure and infection, lowering the success rate of the GBR procedure.
Ag NPs Antimicrobial Strategy.
Strategies for reducing bacterial adhesion to dental implants seem to be one of the main fields of interest in dental implantology. Ag NPs are among the products of nanotechnology already used in dental practice for their antimicrobial properties and incorporating them in implant coatings may inhibit biofilm formation on the implant surfaces and prevent dental implant failure [7, [9] [10] [11] [12] . The use of Ag NPs has also been suggested to reduce the risk of infections after oral regenerative surgery. The presence of silver ions in scaffolds or membranes may prove a desirable measure for minimizing the risk of infections [5, [13] [14] [15] [16] .
Nanoparticles are routinely defined as particles in sizes ranging between around 1 and 100 nm, and with properties that are not found in bulkier samples of the same material. Nanoparticles have a greater surface-to-volume ratio (per unit of mass) than larger-scale particles of the same material, and are therefore more reactive. Particles smaller than 50 nm are subject to the laws of quantum physics [34] .
Many new methods of synthesis have emerged and are being assessed for the purpose of Ag NP production for medical applications. A number of reports are available in the literature on the synthesis of Ag NPs: from the chemical reduction of silver ions by sodium citrate or sodium borohydride [35] ; by reduction into reverse micelles [36] ; using biological [37] , electrochemical [38] , or photochemical methods [39] ; radiation [40] , laser ablation [41] , solvent reduction in the presence of surfactants [42] , and sonochemical [43] methods.
There has recently been a renewed interest in the synthesis of organic-inorganic and inorganic-inorganic nanocomposite materials [44] .
Nanotechnology is a rapidly-growing field, with nanoparticles being produced and used in a broad range of commercial products all over the world. Several products containing Ag NPs are already on the market. Over the years, the antibacterial activity exhibited by silver compounds and Ag NPs has resulted in their widespread use in bedding, washing machines, water purification, toothpaste, shampoo, nursing bottles, fabrics, deodorants, filters, kitchen utensils, toys, and humidifiers [45] .
In particular, Ag NPs have lately emerged in a variety of biomedical applications exploiting their antibacterial activity. They have proved to be important in improving wound healing, and, now that several pathogenic bacteria have become resistant to various antibiotics, they could be a safer alternative to conventional antimicrobial agents in topical antimicrobial formulations [1, 46] .
Due to their antibacterial properties, Ag NPs are also useful for reducing bacterial adhesion and preventing biofilm formation on medical devices, such as catheters or dental implants, where a bacteria-killing activity is highly desirable [47] [48] [49] [50] [51] .
Ag + ions and Ag + salts have been used for decades as antimicrobial agents in various fields because of their growth-inhibiting effect on microorganisms, but they are of only limited use for a number of reasons-including the interfering effects of salts and the antimicrobial mechanism related to a continuous release of a sufficient concentration of Ag + ion from the metal form-but such drawbacks can be overcome by using Ag NPs. It is essential, however, to be able to prepare the Ag + with cost-effective methods and to understand the mechanism behind their antimicrobial effect [22] .
Ag NPs Mechanism of Action.
What gives silver its inhibitory effects on microorganisms is still not entirely clear, and further studies are needed to ascertain all of its properties.
Silver ions inactivate sulfhydryl enzymes when combined with amino, imidazole, carboxyl, and phosphate groups. They also affect DNA replication and stop mitosis in prokaryotes [52] .
Some authors believe that silver's antimicrobial activity depends on its ions, which bind strongly to electron donor groups in biological molecules containing sulfur, oxygen, or nitrogen. This may result in defects in the bacterial cell wall, with a consequent loss of the cell's contents. A complex formed by silver ions and proteins may disturb the bacterial cells' metabolism and their power functions (such as permeability and respiration), leading to bacterial cell death. Silver ions can also interact with the DNA of bacteria, preventing cell reproduction [53, 54] .
Silver interacts with sulfhydryl groups of proteins and DNA, altering hydrogen bonding, respiratory processes, DNA unwinding, cell wall synthesis, and cell division. It also induces denaturation and oxidization of the cell wall, leading to the rupture of the internal cell organelles, and thus resulting in bacterial cell death. Ag NPs also modulate the phosphotyrosine profile of putative bacterial peptides, which could affect bacterial signal transduction and inhibit the organisms' growth [55] .
Ag NPs are known to have an antimicrobial activity against Gram-negative bacteria, creating "pits" in the wall of the bacteria. Amro et al. suggested that metal depletion may cause the formation of irregularly shaped pits in the outer membrane and change the membrane's permeability, which is due to the progressive release of lipopolysaccharide molecules and membrane proteins [56] .
The specific bactericidal and antiadhesive efficacy of a hydroxyapatite/titania nanocomposite coating on titanium plates on Gram-negative bacteria known to be periodontal and peri-implantitis pathogens, such as Streptococcus mutans, Porphyromonas gingivalis, and Fusohacterium nucleatum was tested by Mo et al. in 2007 [57] ; they found that the bactericidal rate on Gram-negative bacteria reached almost 90% after 3 hours of anaerobic culturing. According to these authors, adding a suitable amount of Ag + anatase TiO 2 prompted a photocatalytic activity without UV light. The existence of Ag + acted beneficially both on the photocatalytic oxidation of TiO 2 and as a bactericide. The experimental group also showed am anti-adhesion ability to S. mutans and P. gingivalis. After 3 hours of incubation, there were hardly any bacterial cells on the nAg-HA/TiO 2 -coated plates, unlike the situation in the control group.
Liao et al. [58] found that a Ti-AgNP surface had remarkable antibacterial and antiadhesive activities in vitro in relation to Porphyromonas gingivalis and Actinobacillus actinomycetemcomitan, which are two of the main culprits responsible for periodontal and peri-implant diseases. Flores et al. [59] also reported that a modified AgNP-Ti/TiO 2 surface exhibited a good resistance to colonization by Pseudomonas aeruginosa in vitro.
Other studies investigated the effect of Ag NPs, mainly against Escherichia coli and Staphylococcus aureus. The Ag NPs' antimicrobial activity against E. coli was investigated by Sondi and Salopek-Sondi as a model of Gram-negative bacteria [23] . Their study confirmed that the E. coli cells were damaged, showing the formation of "pits" in the cell wall of the bacteria, while the Ag NPs were found to accumulate in the bacterial membrane. A membrane with these morphological features becomes significantly more permeable, resulting in cell death. The antibacterial activity and mechanism of action of Ag NPs on Escherichia coli were also investigated by Li et al. [60] , who analyzed the growth, the permeability, and the morphology of the bacterial cells after treatment with Ag NPs. The experimental results indicated an inhibited growth of E. coli cells in vitro. Meanwhile, the Ag NPs prompted reducing sugar and protein leakage, and induced respiratory chain dehydrogenase inactivation, suggesting that they were able to disrupt the bacterial membranes' permeability. These results would indicate that Ag NPs may damage the structure of the bacterial cell membrane and inhibit the activity of some membrane enzymes, eventually causing the death of the E. coli bacteria.
Kim et al. [22] tested Ag NPs in three representative microorganisms, that is, yeast, E. coli, and Staphylococcus aureus. They found that yeast and E. coli growth was effectively inhibited. The Ag NPs' antimicrobial activity against yeast and E. coli was consistent with the findings reported by Sondi and Salopek-Sondi [23] . The inhibitory effect of Ag NPs was milder on S. aureus than on the other microorganisms, however, giving the impression that the antimicrobial effects of Ag NPs may be associated with the particular characteristics of certain bacterial species. Differences between bacterial species may influence their susceptibility to antibacterial agents.
Gram-positive and Gram-negative bacteria have differences in their membrane structures, the most distinctive of which is the thickness of the peptidoglycan layer. The cell walls of Gram-positive species contain 3-20 times more peptidoglycan than those of Gram-negative bacteria. Since peptidoglycans are negatively charged, they probably bind some portion of the silver ions in the broth; this would make Gram-positive bacteria generally less susceptible to antibacterial agents containing silver ions than Gramnegative species [61] .
Danilczuk et al. found that Ag + generated free radicals by means of an ESR (electron spin resonance) study on Ag NPs [62] . Kim et al. also observed an Ag + -specific ESR spectrum. The Ag NP peak they obtained in an ESR assay corresponded to the one obtained by Danilczuk et al. To clarify the relationship between free radical and antimicrobial activity, Kim et al. used the antioxidant Nacetylcysteine (NAC) to test whether the antioxidant could influence AgNP-induced antimicrobial activity. The results of ESR tests and antioxidant studies suggest that free radicals may derive from the surface of Ag NPs and be responsible for their antimicrobial activity in the experimental conditions considered [22] .
Some researchers have reported that the positive charge on the Ag + ion is crucial for its antimicrobial activity through the electrostatic attraction between the microorganisms' negatively charged cell membrane and the positively charged nanoparticles [6] .
The shape of Ag NPs may influence with their antimicrobial effect. Pal et al. [63] found that triangular Ag NPs had a greater biocidal action against E. coli than rod-shaped or spherical nanoparticles. The differences can be explained by the proportion of active facets on the nanoparticles of different shapes. An oriented particulate monolayer X-ray diffraction pattern indicated that triangular nanoparticles have more high-atom-density facets than other shapes, favoring the silver's reactivity. Pal et al. also speculated that the action of Ag NPs is broadly similar to that of silver ions. Sulfur-containing proteins in the membrane or in the cells, as well as phosphorus-containing elements such as DNA, are likely to be the preferential binding sites for Ag NPs.
Another factor that may influence the effectiveness of these particles' antimicrobial activity is their size. In the report from Baker et al. [64] , the Ag NPs exhibited antibacterial effects at low concentrations these antibacterial properties correlated with the total surface area of the nanoparticles, that is, smaller particles with a larger surfaceto-volume ratio provided a more efficient medium for antibacterial activity. The nanoparticles were found to be completely cytotoxic for E. coli at surface concentrations as low as 8 microg of Ag + /cm 2 .
In agreement with Baker et al., Panáček et al. [53] reported that the antibacterial activity of Ag NPs depended on the size of the silver particles: smaller particles with a larger surface area available for interaction had a greater bactericidal effect than larger particles.
Many studies investigated the antifungal activity of silver nanoparticles against the main fungi frequently found in the oral cavity, but further studies are needed in this area as regards the formulations and means of delivery [65] [66] [67] . [68] .
A summary of the antimicrobial activities of Ag NPs is given in Table 1 .
Ag NPs and Devices
The capacity of silver nanoparticles to control the formation of biofilms in the oral cavity, as a result of their antibacterial activity, has led to their use in prosthetic device coatings, as topical agents, and in dental materials. Several devices have recently been proposed for use in the fields of dental implantology, periodontology, and alveolar bone regeneration. The prevention of dental implant contamination by bacteria and the need for biocompatible scaffolds or membranes for use in bone grafts with antibacterial properties (achieved by including silver particles in the scaffold, while maintaining its structure and characteristics) seem to be interesting applications of Ag NPs. Below is a review of some of the devices in which Ag NPs have been used, for example, membranes for guided tissue regeneration (GTR) and guided bone regeneration (GBR) applications, scaffolds for bone regeneration, and dental implant coatings.
Membranes.
Barrier membranes are devices used in GTR/GBR procedures to prevent the rapid ingrowth of fibroblasts and/or epithelial cells in a bony defect where slower-growing bone tissue is desired. Barrier membranes thus keep out the unwanted soft tissues and provide a secluded space into which osteogenic cells can migrate and form new bone.
Over the years, numerous resorbable and nonresorbable membranes have been used for GTR and GBR applications [69, 70] , but they have been unable to reduce the risk of graft infection, especially when the membranes are exposed to the oral cavity. Antimicrobial membranes have been developed to overcome this problem.
Li et al. [14] analyzed a silver ion-substituted nanohydroxyapatite, titania nanoparticles, and polyamide 66 (AgnHA/TiO 2 /PA66) membrane, prepared with the intent of producing an antimicrobial membrane with a gradient porous structure for GBR with good mechanical properties, biocompatibility, and antimicrobial activity. Cytocompatibility and bone formation were assessed by both in vitro and animal experiments. In vitro assays were carried out with osteoblastlike cells (MG63), and cell viability, alkaline phosphatase activity (ALP), and morphology of cells cultured on the membrane were ascertained, demonstrating good cell affinity and an increased cell attachment, migration, and proliferation. In vivo experiments resulted in the complete closure of 5-mm bone defects created in the skull of SpragueDawley rats 8 weeks after implantation. The same capabilities were seen for the nHA/PA66 membrane, whereas the cranial defects were still not fully covered by newly formed bone 8 weeks after implantation of the PA66 or empty membranes.
Ye et al. [16] studied the effects of the Ag-nHAnTiO 2 /PA66 membrane on MG63 osteoblastlike cells in vitro; nHA/PA66 and expanded polytetrafluroethylene (e-PTFE) membranes were used for control purposes in their assays. The authors found that the Ag-nHA-nTiO 2 /PA66 membrane had no negative effects on the growth of osteoblastlike cells, while it favored cell adhesion, thus indicating an excellent tissue compatibility.
Consistently with the previous article, the same group of researchers found that the osteogenic activity of AgnHA-nTiO 2 /PA66 membranes was comparable with that of conventional e-PTFE membranes in a rat model, proving to be a safe strategy for reducing inflammatory response and enhancing bone regeneration, and thus suggesting interesting prospects for further research and the development in antibacterial GBR membranes [71] .
The above findings are summarized in Table 2 .
Scaffolds for Bone Regeneration.
Bone augmentation procedures have entailed the use of different methods, including GBR and GTR techniques. Especially in nonspace-making defects, the use of grafts (autografts, allografts, xenografts, or alloplasts) prevents membrane collapse, and the graft provides a scaffold on which bone cells can adhere, migrate, grow, and divide, forming new bone. A suitably macroporous structure is important to ensure rapid vascularization, bone ingrowth and-especially in the case of implant placementbone remodeling, with newly formed bone occupying the site previously taken up by the scaffold [73] .
To enhance the regeneration of new bone and reduce the healing time, bone tissue engineering relies on 3-dimensional scaffolds delivering biofactors to assist bone regeneration. In addition to facilitating new bone deposition, some authors are interested in producing osteoconductive scaffolds with bactericidal properties with a view to controlling infection after alveolar bone surgery.
Wu et al. [13] demonstrated that the Ag-nHA/TiO 2 /PA66 antimicrobial scaffold they developed had a highly porous structure that would be effective for the sustained Ag + release at the bone-implant interface. According to the authors, these scaffolds would provide good mechanical support and protection for cell adhesion, migration and proliferation, and hold promise in clinical application in bone augmentation techniques.
Saravanan et al. [5] analyzed the in vitro antimicrobial activity of another biocomposite bone tissue engineering scaffold containing chitosan/nanohydroxyapatite/nanosilver (CS/nHAp/nAg). The results suggested that CS/nHAp/nAg biocomposite scaffolds have the potential for controlling implant-associated bacterial infection during bone reconstruction surgery thanks to the strong antibacterial activity seen on testing the prepared scaffolds with Gram-positive (S. aureus) and Gram-negative (E. coli) bacterial strains. The CS/nHAp/nAg scaffolds were also found non-toxic for rat osteoprogenitor cells and human osteosarcoma cell lines.
Finally, Schneider et al. [15] assessed the in vivo performance in sheep of synthetic, cotton woollike nanocomposites consisting of a biodegradable poly(lactide-co-glycolide) fibrous matrix containing silver-doped calcium phosphate nanoparticles (PLGA/Ag-CaP). The area of new bone formation measured histomorphometrically 8 weeks after implantation was very similar for the PLGA/CaP (control) and the PLGA/Ag-CaP. In fact, the highly porous PLGA/Ag-CaP scaffolds enabled an efficient cell ingrowth, which facilitated new bone formation everywhere inside the former defect, and also led to the resorption of the biodegradable polymer fibers. No signs of any inflammatory reaction were detected.
These data are summarized in Table 3 .
Dental Implant Surfaces.
Peri-implantitis remains one of the most serious complications in dental implant surgery and sometimes necessitates implant removal. In fact, the success and long-term survival of dental implants depend not only on bone-implant osteointegration, but also on the prevention of bacterial infection after placement. Incorporating Ag NPs in implant coatings may inhibit biofilm formation on the surfaces and prevent dental implant failure. Secinti et al. [74] investigated whether Ag NP coatings could inhibit biofilm formation even in slime-forming bacteria; 20 New Zealand rabbits were randomly divided into two equal groups and had bacteria applied to surgical sites on the iliac crests: screws coated with silver using the sol-gel method were inserted in the rabbits in Group I, uncoated Ti screws in the rabbits in Group II. The rabbits were sacrificed after 28 days, and the screws and adjacent bone were examined under transmission (TEM) and scanning electron microscopy (SEM). The antibacterial effect of Ag NPs was also confirmed microbiologically. All silver-coated screws, but only 10% of the uncoated titanium screws, were sterile. Biofilm formation was inhibited on all the silvercoated screws, whereas all the uncoated screws developed a biofilm on their surfaces. These findings suggest that AgNPcoated screws are as safe as uncoated titanium screws and that the coating helps to prevent both biofilm formation and infection.
A recent report from Flores et al. [59] describes a method for modifying Ti/TiO 2 surfaces with citrate-capped Ag NPs. The nanoparticles spontaneously adsorb on the Ti/TiO 2 , forming nanometer-sized aggregates consisting of individual Ag NPs that evenly cover the surface. The modified AgNPTi/TiO 2 surface exhibits a good resistance to colonization by Pseudomonas aeruginosa, a model of biofilm formation.
Ionita et al. [11] demonstrated the synergetic antibacterial effect of a HA-silver coating with Ag NPs by comparing the behavior of such a coating with uncoated samples, and Zhao et al. [9] reviewed the current status of antibacterial coatings on titanium implants, acknowledging that in vivo data on these antibacterial coatings were still scarce and that Journal of Nanomaterials 7 surfaces with both an excellent tissue-integrating ability and good antibacterial properties should be explored.
In a recent study by the same authors [10] , titania nanotubes (TiO 2 -NTs) incorporated with Ag NPs were fabricated on Ti implants for the purpose of preventing implantassociated infections. The amount of Ag + introduced in the NTs was varied by adjusting the processing parameters. The authors noted in vitro that the NT-Ag killed all the planktonic bacteria in the suspension over the first few days, retaining this ability with no obvious decline for 30 days, which would normally be long enough to prevent postoperative infection in the early and intermediate stages and possibly even late infection around the implant. Although the NT-Ag samples showed some cytotoxicity, this could be contained by controlling the Ag + release rate, and the properties could be further tailored to achieve both long-term antibacterial ability and biointegration.
As mentioned earlier, Mo et al. [57] evaluated the bactericidal and antiadhesive efficacy of rough-surfaced titanium plates coated with silver-hydroxyapatite/titania nanocomposites (nAg-HA/TiO 2 ) in combating oral bacteria, and particularly Gram-negative bacteria, which are known periodontal pathogens and involved in the etiology of peri-implantitis (Porphyromonas gingivalis, Fusohacterium nucleatum, and Streptococcus mutans). The viability of each type of bacteria on the antibacterial film was suppressed to about 10% after anaerobic incubation for 3 hours. Adherence of the bacteria to the nAg-HA/TiO 2 -coated surfaces was considerably lower than for the uncoated surfaces.
Liao et al. [12] investigated AgNP-modified titanium (TiAgNP) surfaces using a silanization method and demonstrated that titanium (Ti) plates with Ag NPs deposited on them acquired an antibacterial activity. After 24 hours of incubation, 94% of Staphylococcus aureus and more than 95% of Escherichia coli were killed on the Ti-AgNP surface. SEM examination of the antiadhesive properties also showed that there were fewer bacteria attached to the Ti-AgNP surface than to an untreated Ti control surface.
Since dental implants, being used in the oral cavity, should also have an antibacterial activity in relation to oral bacteria, Liao et al. [58] also tested the antibacterial and antiadhesive action of a silver nanoparticle-modified titanium (Ti-AgNP) surface in relation to two of the most common periodontal pathogens, that is, Porphyromonas gingivalis and Actinobacillus actinomycetemcomitans. Their findings indicate that the Ti-AgNP surface had remarkable anti-bacterial and antiadhesive effects on P. gingivalis and A. actinomycetemcomitans, suggesting that Ti-AgNP is a promising implantable biomaterial in terms of its antibacterial properties. The Ti surfaces modified with Ag NPs also showed no signs of cytotoxicity on cultured human gingival fibroblasts (hGFs), suggesting their potential application also in transgingival abutments, which are an important doorway for bacteria.
Implants are in contact not only with bone but also with gingival tissues, and are partially exposed to the oral cavity. With a view to the rapid achievement of a firm soft tissue seal around dental implants that can resist bacterial invasion, Ma et al. [75] created a surface with a lower cytotoxicity while preserving its antibacterial properties by modifying the Ti surface, immobilizing the AgNP/FGF-2 (fibroblast growth factor 2) compound's bioactive factors on a titania nanotube surface. The immobilized AgNP/FGF-2 samples displayed an excellent cytocompatibility, negligible cytotoxicity, and enhanced hFGF functions such as cell attachment, proliferation, and ECM-related gene expression. The absence of any significant cytotoxicity may be due to the negligible amounts of Ag + ions released by the Ag NP solution, and, as Williams et al. demonstrated [76] , small concentrations of Ag + released into the extracts are not cytotoxic. The Ag NPs also exhibited some bioactivity. These results lead to the same conclusions as the previous paper and encourage the use of this material in dental implant abutments.
The data presented above are summarized in Table 4 .
Ag NP Toxicity
The impact of Ag NPs on cell viability has been investigated to establish the feasibility of their use in clinical applications. Several studies have been performed in vitro (on osteoblasts and other cell lines), and in vivo (in animal models) for this purpose.
In Vitro Studies.
Mahmood et al. [77] reported on the in vitro effects of different types of nanomaterial (single-walled carbon nanotubes-SWCNTs, hydroxyapatite nanoparticles-HAP, titanium dioxide nanoparticles-TiO 2 , and silver nanoparticles-Ag NPs) on cell calcification and mineralization by bone cells. The greatest of cell mineralization enhancement coincided with the use of Ag NPs, followed by HAP, TiO 2 and SWCNTs. Ag NPs were found to alter microRNA expression; the numerous transcriptional factors associated with bone formation (Runx2, Dlx3, and Msx2) were affected by correspondent miRNAs only in the bone cells exposed to Ag NPs. Exposure to Ag NPs also resulted in the miRNA regulation of several gene-target BMPs not found in the controls. The authors also said that preliminary cytotoxicity studies performed with the nanoparticle concentrations used in the experiments gave no indication of any onset of cytotoxic effects. Studying layer-by-layer (LBL) assemblies of nacrelike nanostructured composites containing Ag NPs, Podsiadlo et al. [72] also reported finding no detectable levels in vitro of silver being lost over a 1-month period, associated with a bactericidal effect (E. coli growth was almost completely inhibited over an 18 h period), and the concentration of silver did not prevent the growth of mammalian tissue cultures. The LBL composite showed biocompatibility with human osteoblast cell lines.
On the other hand, Zhao et al. [10] found in vitro that titania nanotubes (TiO 2 -NTs) incorporating Ag NPs showed some cytotoxicity in primary rat osteoblasts, which could be reduced by controlling the rate of Ag + release.
Albers et al. [78] investigated the cytotoxicity of Ag NPs (50 nm) in vitro on osteoblasts (OBs) and osteoclasts (OCs) at antibacterial concentrations: they demonstrated that Ag NPs had cytotoxic effects on both cell lines, as indicated by dose-dependent decreases in the number of viable cells and differentiations. The inhibitory activity of microparticles of silver (3 µm) was significantly weaker, a finding consistent with the results of previous studies [79] [80] [81] . According to these authors, the size-dependent cytotoxicity is due to the size-and surface-area-dependent release of silver ions from the particles. OBs were found more susceptible to the AgNPmediated inhibition of cell viability and differentiation than OCs; both OBs and OCs were more susceptible to silver treatment than S. epidermidis. The MICs of Ag + deriving from AgNO 3 or Ag NPs used to inhibit bacterial growth were 2-4 times higher than the minimal Ag + concentration needed to reduce the viability and proliferation of OBs and OCs. Finally, Albers et al. confirmed the antimicrobial properties of Ag NPs on S. epidermidis, but they were critical regarding the biological safety of silver-releasing implantable materials. Suresh et al. [27] also found that Ag NPs caused celldependent cytotoxicity: their data emphasized the role of surface coatings or surface charges and particle aggregation in dictating the cytotoxicity of Ag NPs, but also showed that the cell type influenced their cytotoxic effect. Lung epithelial cells were more resistant than macrophages to the differently surface-coated Ag NPs being tested.
The results obtained by Greulich et al. [82] confirmed a cell-specific uptake of Ag NPs by peripheral blood mononuclear cells (PBMC) and accordingly different cellular responses after the exposure of monocytes and lymphocytes (T cells).
Ag NPs revealed no detectable cytotoxicity on cultured human gingival fibroblasts (hFGFs) in vitro [58, 75] .
In Vivo Studies.
Other studies have raised concerns regarding the safety of silver applications in animal models.
Hyun et al. [83] investigated the effects of repeated exposure to Ag NPs on the histological structure and mucins of the nasal respiratory mucosa: rats were exposed to different concentrations of silver nanoparticles in an inhalation chamber for 6 hours a day, 5 times a week for 28 days, after which the animals were sacrificed. The study indicated that the silver nanoparticles influenced the neutral mucins in the respiratory mucosa, but not to a toxicologically significant degree.
Kim et al. [84] found some significant dose-dependent changes in the alkaline phosphatase and cholesterol levels in male and female rats, which seemed to indicate that exposure to more than 300 mg of Ag NPs might result in mild liver damage. Ag NPs were found to induce no genetic toxicity in male or female rat bone marrow in vivo.
In their in vivo study, Secinti et al. [74] investigated the antibacterial effect of silver-coated titanium implants in rabbits, examining their liver, kidney, brain and cornea under transmission (TEM), and scanning electron microscopy (SEM). They detected no harmful side effects in these rabbit organs after the placement of Ag NPs coated screws.
Conclusions
Ag NPs have been studied as an alternative strategy for reducing bacterial adhesion and preventing biofilm formation thanks to their antimicrobial properties. Ag NPs have been included in devices used in alveolar bone surgery with promising results.
Membranes and scaffolds for bone regeneration containing Ag NPs have the potential to reduce the incidence of postoperative bacterial contamination. One of the most interesting applications of Ag NPs in dentistry is for preventing or delaying peri-implantitis. Ag NP coatings could be applied to the whole dental implant surface or to selected areas, such as the most coronal area of the implant or the inner threaded surface. Another strategy to reduce biofilm formation on dental implants and the related prosthetic components in the oral cavity might be to apply Ag NPs to prosthetic devices such as the healing screws, abutments, and fixing screws.
Published data highlight the importance of surface coatings, surface charge, speed of release, concentration of Ag + , and particle aggregation in dictating the cytotoxicity of Ag NPs, which also seems to depend on the type of cell affected.
Reproducibility issues arising from the type of Ag NP application, the tests conducted and the subjects involved (cell lines or animals) have made any comparison of the results reported in different studies arduous or controversial. For the time being, most of the studies analyzed here were conducted in vitro, and there is a clear need for further clinical trials. In vitro, and animal studies are needed on the devices described, focusing particularly on the oral microbiota responsible for periodontal and peri-implant diseases.
